Three bacterial strains were isolated, which used the synthetic chelating agent iminodisuccinate (IDS) as sole carbon source for growth in mineral salts media (MSM). Taxonomic analysis and 16S rDNA sequence analysis identified one of these isolates (B3), which was isolated from sewage sludge, as a strain of Achromobacter xylosoxidans subsp. xylosoxidans. It exhibited a doubling time of approximately 3 h in liquid MSM supplemented with IDS and grew even in the presence of 1.0% (w/v) IDS. Since photometric and high performance liquid chromatography analysis showed that IDS, which came onto the market only recently as an alternative for ethylenediaminetetraacetate, was completely degraded by axenic cultures of bacteria; it will probably be readily degraded in the environment. ß
Introduction
Chelating agents of the aminopolycarboxylic acid type such as ethylenediaminetetraacetate (EDTA), iminodiacetate (IDA), nitrilotriacetate (NTA), diethylenetriaminepentaacetate (DTPA) and others are used for a wide range of di¡erent applications due to their capability to form strong and water-soluble complexes with various cations. These synthetic chelating agents are almost resistant to biodegradation ; and only few bacteria are able to degrade them at a low rate [1] . Therefore, and due to their abundant production, the concentrations of for example EDTA have increased in some aquatic systems often to non-acceptable levels. In the environment, chelating agents have some undesired features such as the remobilization of radionuclides and toxic heavy metals from sediments and soils. Thus, there is much interest in developing chelating agents with improved biodegradability. Ethylenediaminedisuccinate (EDDS), which can be produced chemically [2] and also by fermentation of Amycolatopsis japonicum [3] , is one example ; the S,S isomer of EDDS is readily biodegradable [4] .
Iminodisuccinate (IDS, Fig. 1 ) is a synthetic compound, which is produced from maleic anhydride, ammonia and sodium hydroxide in water yielding equal amounts of the four possible stereoisomers RRP, SSP, RSP and SRP. The two meso forms RSP and SRP are, however, identical, because of an intramolecular mirror plane. IDS is already commercialized since 1998 by the Bayer AG (Leverkusen, Germany). Various OECD tests employing complex environments revealed that IDS is readily biodegradable [5] . This study aimed at the isolation of IDS degrading microorganisms and detailed biodegradation studies with axenic cultures.
Materials and methods

Bacterial strains and media
In addition to the bacteria isolated in this study, we investigated also Gordonia polyisoprenivorans (DSM 44302), Nocardia corallina N³274 [6] , Pseudomonas aeruginosa strain PAO1 (ATCC 15692), Pseudomonas putida strain KT2440, P. oleovorans (ATCC 29347), Ralstonia eutropha strain H16 (DSM 428), Rhodococcus fascians strain D188-5 [7] , Rhodococcus opacus strains PD630 (DSM 44193), MR11 [8] and MR22 (DSM 3346) as well as Rhodococcus ruber (NCIMB 40126).
For cultivation of the bacteria, 0.8% (w/v) nutrient broth medium or mineral salts medium (MSM) according to [9] containing trace element solution SL6 [10] were used. The pH of stock solutions of the free acid forms of the chelating agents was adjusted to 7 with NaOH. All carbon sources were ¢lter-sterilized and added as indicated in the text; concentrations of carbon sources are given in % (w/v) of the free acid used. Cultivations were done either on solidi¢ed media containing 1.5% (w/v) agar or in liquid media in Erlenmeyer £asks that were incubated aerobically at a temperature of 30³C on a rotary shaker (130^150 rpm).
16S rRNA analysis
Extraction of genomic DNA from isolate B3 was carried out as described previously [11] . Ampli¢cation of the 16S rRNA gene was performed using the primers 16S-uni and 16S-rev as described in [12] . DNA sequencing of the PCR product was conducted by using the Sequi Therm EXCEL TM II long-read cycle sequencing kit (Epicentre Technologies, WI, USA) and IRD 800-labeled oligonucleotides obtained from MWG-Biotech (Ebersberg, Germany) as speci¢ed in [12] . Sequencing was performed in a LI-COR 4000L automatic sequencing apparatus (MWGBiotech, Ebersberg, Germany). The 16S rDNA sequence was aligned with corresponding sequences available from data banks [13] and has been deposited in the GenBank database under the accession number AF225979.
Photometric analysis of IDS
For quantitative analysis of IDS, samples were diluted with an equal volume of distilled water and incubated for 5 min at room temperature in the presence of 64 mM CuSO 4 . Precipitated complexes of Cu 2 with phosphates were removed by 5 min centrifugation in a bench centrifuge. Subsequently, the absorption of the supernatant at 305 and 710 nm was determined.
High performance liquid chromatography (HPLC) analysis of IDS
The determination of isomers of IDS was carried out following known HPLC methods for EDTA, NTA and DTPA in the presence of Fe(III)-ions [14] . An LC 1090 workstation (Hewlett Packard) equipped with a Purospher RP 18 endcapped column and a diode array detector was used. Elution was performed at a temperature of 40³C using deionized water containing little amounts of tetra-(alkyl)-ammonium-hydrogensulfate or -hydroxide and inorganic acid. The detection wavelength was 260 nm. The method was able to separate the meso forms of IDS (RSPand SRP-IDS) from the racemic mixture (RRP-and SSP-IDS).
Analysis of ammonium
Quanti¢cation of ammonium in the media was carried out using a gas selective type ammonia electrode (MettlerToledo, Greifensee, Switzerland). Samples of 500 Wl were diluted to a ¢nal volume of 50 ml with distilled water and then alkalized by adding 500 Wl 10 M NaOH forming gaseous NH 3 from NH 4 cations. This mixture was stirred gently at 20³C until a stable electrical potential was measured by the electrode which was previously calibrated using solutions containing ammonium chloride at known concentrations.
Analysis of aspartate
Amino acid concentrations were measured using a previously described HPLC method [15] . Aspartic acid was identi¢ed by co-chromatography and quanti¢ed by calibration with chromatographically pure amino acid standards (Collection AS-10 from Serva Feinbiochemica, Heidelberg, Germany).
Results
Isolation of IDS degrading bacteria
Liquid MSM in Erlenmeyer £asks containing ¢lter-sterilized mixtures of all four stereoisomers of IDS (RRP, SSP, SRP and RSP) at a total concentration of 0.2% (w/v) as carbon source were inoculated with sewage sludge from a municipal sewage treatment plant, with soil from a garden or a ¢eld or with water from a small lake from sites in or close to Mu « nster (Germany). The cultures were incubated One isolate (B3, from sewage sludge) exhibited very good colony growth, two isolates (E3, from ¢eld soil and G3, from garden soil) exhibited medium colony growth. None of these three isolates could use EDTA or IDA (0.15% or 0.2%, w/v, respectively) for growth on solidi¢ed media containing them as sole carbon source alone or as complex with calcium or magnesium ions. Five other isolates exhibited poor colony growth with IDS. Although growth of the latter on MSM-IDS agar plates was slightly better than on agar plates containing no carbon source, growth was rather poor and might be due to the low amount of aspartic acid present in the IDS batch.
Taxonomic characterization of IDS degrading bacteria
Isolate E3 was Gram-positive and oxidase-negative, and the cells were non-mobile occurring as pairwise rods of 2-Wm length often forming complex cell aggregates. This strain belongs most probably to the genus Arthrobacter. Isolate G3 was Gram-negative and oxidase-positive, and the cells were mobile occurring as pairs of rods of 5-Wm length; the Oxi/Ferm tube revealed it with a probability of 45% as a species of Pasteurella. Isolate B3 was Gram-negative and oxidase-positive, and the highly mobile cells occurred as rods of 3-Wm length. An API20NE test tube identi¢ed this isolate with high probability as a strain of Alcaligenes xylosoxidans, which was recently transferred to Achromobacter xylosoxidans subsp. xylosoxidans [16] . This was con¢rmed by the 16S rDNA analysis, which exhibited highest homologies of 99.7, 99.1 and 98.9% identity with those of Alcaligenes sp. 159 (accession number AJ002804), Alcaligenes sp. R6 (AJ002809) and A. xylosoxidans strain IAM12684 (D88005), respectively. High homology (99.4%) occurred also with the 16S rDNA sequence of Bordetella sp. KP22 (AB015607). However, the 16S rDNA sequence of the latter deviated in several regions from those of other better characterized Bordetella species and resembled more the sequences typical of Alcaligenes species. Most likely the taxonomic designation of Borde- Cells were cultivated on di¡erent isomers of IDS for 5 days in MSM containing the IDS amounts and isomers indicated in the table. Abbreviations and symbols : R, reduction; letters A, B and C correspond to those used in Fig. 5 . a SSP and RRP amounts were calculated assuming the determined mixture consisted of equal amounts of both isomers. b RRP and SSP isomers were also present in the batch at a total concentration of 1.1%, which was considered to be negligible. c The SSP isomer was found to be completely degraded in OECD experiments.
tella sp. KP22 is questionable. The new isolate will therefore be referred to as A. xylosoxidans subsp. xylosoxidans strain B3.
Development of a photometric test for rapid estimation of IDS in media
Since HPLC analysis of IDS is rather time consuming, we developed a photometric assay to estimate the concentration of IDS in the media as described in Section 2. Samples containing IDS were incubated in the presence of CuSO 4 resulting in the quantitative formation of a [Cu-IDS] 23 complex, the absorption spectrum of which was di¡erent from that of the reagent. Since the MSM contained 36 mM of phosphate ions, and because Cu (Fig. 1), respectively (Fig. 2) 
Growth of A. xylosoxidans strain B3 on IDS
The optimum concentration of IDS for growth of A. xylosoxidans strain B3 in liquid media was 0.5% (w/v) with the cells exhibiting a doubling time in the exponential growth phase of approximately 3 h. The cells grew also in the presence of even 1.0% (w/v) IDS (Fig. 3) . In the absence of a carbon source or with 0.15% EDTA, the optical densities of the cultures did not increase.
Cultivation of A. xylosoxidans strain B3 with succinate or any other nitrogen-free carbon source required the addition of ammonium to the medium. Grown in MSM containing 0.5% (w/v) disodium succinate, strain B3 consumed nitrogen provided as ammonium chloride at a concentration of 1.0 g l 31 , while during growth on 0.5% (w/v) tetrasodium IDS the concentration of ammonium in the medium increased. The amount of ammonium released into the medium corresponded to approximately 66% of the nitrogen present in IDS (Fig. 4) .
Aspartic acid in the medium was determined during growth of adapted cultures. Cells used for inoculation were cultivated overnight in MSM supplemented with IDS and harvested by centrifugation in a bench centrifuge followed by two washing steps and resuspension in sterile 0.8% (w/v) sodium chloride solution. The concentration of aspartic acid increased at very early stages of cell growth. The maximum concentration in MSM containing 0.5% (w/v) IDS was 3.3 mM 2 h after inoculation with the adapted cells corresponding to 16% of the total amount of aspartic acid that could theoretically be released from IDS.
The biodegradability of the stereoisomers of IDS by strain B3 was investigated using di¡erent product batches of IDS providing IDS at concentrations between 0.35 and 0.42% (free acid, w/v). A mixture of RSP-and SRP-IDS was almost totally degraded after only 2 days of incubation (about 95% degradation), whereas up to 20% of a batch containing all four stereoisomers and more than 40% of a batch consisting only of RRP-and SSP-IDS were still present in the medium after incubation of 5 days (Table 1, Fig. 5 ).
Growth of other bacterial strains on IDS
Several other bacteria known to utilize not readily biodegradable chemicals as carbon sources were tested for their capability to grow in MSM containing a mixture of all four IDS species as sole carbon source. From the bacteria listed in Section 2, only R. ruber (NCIMB 40126) and N. corallina N³274 exhibited weak growth on IDS. The extent of growth was weak and less than with strains E3 and G3 isolated as IDS degrading bacteria in this study.
Discussion
Three bacterial strains able to grow on IDS as sole carbon source were isolated. Strain B3, which was isolated from sewage sludge, readily degraded IDS in liquid MSM and was therefore used for further studies. The biochemical, physiological and morphological characterization and 16S rDNA analysis classi¢ed isolate B3 as a strain of A. xylosoxidans subsp. xylosoxidans.
Cultivated in MSM, strain B3 was able to use IDS as sole source for carbon, nitrogen and energy, and it tolerated concentrations of IDS as high as 10 g l 31 without any inhibitory e¡ects. The reason for achieving lower cell densities at the very end of cultivation under conditions with very high IDS concentrations was probably due to the alkalization occurring during growth on IDS (Fig. 5) or other secondary e¡ects but could not directly be attributed to the high initial concentrations of IDS because growth during the ¢rst 2 days was almost identical as with lower Fig. 5 . Cultivation of A. xylosoxidans strain B3 in the presence of di¡er-ent isomers of IDS in 2000-ml Erlenmeyer £asks with 500 ml MSM containing a mixture of each 50% (w/w) SRP-and RSP-IDS (A), RRPand SSP-IDS (B) and mixtures of each 25% (w/w) SRP-, RSP-, RRP-and SSP-IDS (C). The cultures were inoculated with 0.1 volume from the same overnight culture of strain B3 in MSM containing IDS. Incubation temperature was 30³C, £asks were agitated on a rotary shaker at 130 rpm. Symbols: E, IDS, error bars indicate the standard deviation calculated from the results of both the photometric assay and the HPLC analysis; the latter method was only performed directly before inoculation and after an incubation period of 5 days. Temporarily the IDS concentration determined by the photometric assay seemed to increase due to a perturbation of the assay. a, Optical density at 600 nm; S, pH.
IDS concentrations (Fig. 3) . IDS was completely removed from the medium after cultivation over a long period of time. However, the four stereoisomers of IDS behaved di¡erent with respect to their biodegradability. Complete degradation of RSP-and SRP-IDS for instance occurred in less than 48 h. In contrast, from a mixture consisting of RRP-and SSP-IDS, only approximately 50% of the IDS molecules were removed after 5 days, leaving most probably the RRP enantiomer in the medium (Table 1) according to previous studies employing the OECD method 301E. Obviously, the RRP enantiomer is the least biodegradable isomer of IDS.
The mechanism by which IDS is cleaved has not yet been identi¢ed. The presence of aspartic acid in the culture medium during cultivation on IDS indicated a cleavage mechanism similar to that found for EDTA [17] and NTA [18] catalyzed by monooxygenases or lyases capable of cleaving EDDS [4] .
